INTRODUCTION
Different crystal phases of tungsten trioxide (WO ) have been investigated using several experimental techniques in the past years (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , and theoretical calculations have been developed to explain the polymorphism of this compound (14) . The interplay between the lattice phonons and the electronic structure of WO results in the occurrence of several phases, starting from low symmetry triclinic or monoclinic phases up to the tetragonal phase.
On the basis of reported experimental data, the following sequence of crystal phases, in order of increasing temperature, is presently accepted: monoclinic (II) polar or -phase with space group Pc (C ), from 5 to 278 K (11); triclinic or -phase, P1 (C ), from 248 to 290-300 K (1, 7, 9, 11); monoclinic (I) or -phase, P2
/n (C ), from 290-300 K to 600 K (1-3, 9); orthorhombic Pmnb (D ), from 600 to 1010 K (6); tetragonal P4/nmm (D ), from 1010 K (10) to the melting temperature 1746 K. Recent low-temperature (from 5 to 250 K) neutron diffraction studies, performed by Salje et al. (11) on finely ground powders, confirmed the -to--tophase transition sequence for increasing temperature and did not evidence any other phase below 220 K. Such sequences of low-temperature crystal phases occur for single or polycrystals showing yellowish green color, associated with a charge carrier concentration of the order of 10 cm\ (13, 15) . However, the preparation route, the exact stoichiometry, the presence of impurities and the mechanical treatments are known to modify it. In many cases, the WO powdered samples exhibit at room temperature (RT) the coexistence of and phases. At lower temperature, for some samples, the expected transition to the -phase (monoclinic (II) polar) is not observed (4, 16) . Furthermore, microcrystals of very small size (below 100 nm), obtained via evaporation techniques, exhibit at low temperatures Raman spectroscopic indications of new phase, characterized by a relevant downshift of the stretching modes of W-O bonds (17, 18) , usually found at about 715 and 805 cm\ in -and -phases.
In general, the high temperature phases show a good reproducibility of the results and low hysteresis effects; the phase sequence does not depend on impurity content or mechanical treatments. In contrast, quite different behaviors are reported at RT and below depending on the type of samples and on their mechanical and thermal history.
The vibrational spectroscopy is a powerful tool for following the phase transitions in tungsten trioxide, providing complementary information to the one collected by diffraction techniques. Until now, Raman and IR spectroscopic studies have been widely used for the phases close to RT (19, 20) , but only microcrystal studies have been carried out, to our knowledge, for very low-temperatures (17, 18) , and no comprehensive Raman investigation of the role of mechanical treatments in the phase transition sequence has been carried out.
In this work a comparative study of the low-temperature crystal phases of tungsten trioxide is carried out on powder samples that underwent different milling processes and have at RT -or -phase. For this reason, a preliminary investigation is made on the -to-phase transition induced by both mild mechanical treatments and fast thermal cooling.
EXPERIMENTAL

Sample Preparation
The starting material for the present study is commercial stoichiometric WO powder (''Reahim,'' Russia) for optical industrial applications, with a nominal purity of 99.998% (percentages of present impurities have the following upper limits: V(5;10\; Fe(5;10\, Co(1;10\, Mn( 1;10\, Cu(1;10\, Ni(1;10, Cr(5;10\). The stoichiometry of the powder WO (with an oxygen content at least higher than 2.999) is indicated by pale yellow color and was controlled by EPR measurements down to liquid helium temperature. No EPR signals from impurities or W> defects were found (21) . Preliminary measurements, performed with different excitation laser lines, indicate no luminescence in the visible wavelengths and no vibrational bands related to surface water or OH groups. Before the spectroscopic investigations this powder had a long storage time (order of years) in equilibrium with atmospheric oxygen, and its yellow color remained stable (in fact, other experiments on purposely reduced powder samples, via milling or other treatments, showed that long interaction with air at RT induced a reoxidation of the powders (22) ). An inspection by the optical microscope indicates that these powders have an average grain size of the order of micrometers.
From this powder three different sets of samples have been obtained and studied separately. The first sample was the as-purchased powder, in the following identified as ''virgin powder.'' A second set of samples was produced from the commercial powder which underwent a mild milling procedure, consisting of a manual compression in a mortar of agate for a few minutes. The structural differences between these materials are demonstrated by our XRD and Raman measurements, discussed later; in the following this second kind of powder will be labeled as ''treated powder.'' A third set of samples was produced from the virgin powder via strong mechanical treatments by using a ball milling machine Retschmuele, with three balls of agate having diameters between 0.5 and 1 cm and weight between 0.17 and 1.09 g, working at a frequency of the order of 1 Hz (50-70 cycles per minute) for different times, ranging from a few minutes up to 21 h. In the present work we focus the attention on the samples that underwent 1 h milling, which will be referred to as ''ground powders.''
Experimental Set-up
The samples were analyzed by powder X-ray diffraction (XRD) and Raman spectroscopy. The samples for XRD were prepared by deposition on a Millipore filter of the powder from an aqueous suspension driven by a vacuum pump. A Bragg-Brentano X-ray diffractometer, made by ItalStructures, working with CuK radiation was used. The X-ray diffractograms were recorded at RT in the angle range 2 "20-65°and a step (2 )"0.05°.
For the Raman spectroscopic measurements the most successful sample preparation method consisted of a deposition on a microscopy cover glass of some droplets of a suspension of WO powders in acetone. After the necessary time for solvent evaporation the deposited powders showed a good adhesion to the substrate and allowed for a good Raman signal detection. The RT Raman measurements have been carried out in back-scattering geometry using a micro-Raman setup, consisting of an Olympus microscope (Model BHSM-L-2), mounting an 80;objective with a N "0.75 numerical aperture coupled to a 1-m focal length double monochromator Jobin-Yvon (Ramanor, Model HG2-S) equipped with holographic gratings (2000 grooves/mm). The spectra were excited by the 530.9-nm line of a Krypton laser, which was operated so that the power entering in the microscope was maintained below 10 mW. The spectral resolution was of the order of 3 cm\. The scattered radiation was detected by a cooled (!35°C) photomultiplier tube (RCA, Model C31034A-02), operated in photon counting mode. The signal was stored into a multichannel analyzer and then sent to a microcomputer for the analysis. For the temperature dependence study, the experimental setup was set in the standard macro-Raman configuration, and a right angle scattering geometry was adopted. In this configuration the spectra were excited by the 514.5-nm line of the argon laser used, with a nominal power of 20 mW at the cryostat window. For low temperature range (30-270 K) a liquid helium flux cryostat has been used, and a small glass with a proper amount of deposited WO powders was used as sample holder. The nominal temperature values are given by the sensor of the temperature controller, but the laser irradiation during the Raman measurements can induce a local heating at the observed spot. To have a more realistic information on the temperature value, the Stokes/anti-Stokes intensity ratio has been studied for each spectrum for the Raman modes in the range 20-200 cm\. Thus the obtained temperatures have an error of about $5 K.
RESULTS AND DISCUSSION
Phase Transition Induced by Mechanical Treatments
It is reported that the sequence of phase transitions between the low symmetry crystal structures of WO depends
on the crystal growth history (4, 5) , indicating that the equilibrium of the crystal phases should be sensitive to the mechanical perturbations and to the stoichiometry (which affects the charge carrier concentration). In our present study, structural transformations are observed as a consequence of simple mechanical treatments, like milling for variable times, but also after manual compression for relatively short times of the order of minutes. A transition in the WO powder from (monoclinic) to (triclinic) structure, under weak milling treatment, can be inferred from small modifications of the XRD patterns, as shown in Fig. 1 . The XRD patterns given by the virgin powder (having mainly -phase) and the treated samples (having mainly -phase) are quite similar, because of the small differences between the lattice parameters of the two phases. However, the changes in the diffraction peaks, mainly at about 2 "34°, allow for a clear attribution of the different samples to different crystal structures. The transformation induced in such a way is stable for a time scale of months, and it can be reversed only by thermal annealing at high temperatures (at least ¹'570 K). The Raman spectroscopy can give a clearer evidence of the phase changes and allows to follow the different steps of the transformation by analyzing the evolution of lowest frequency peaks (up to 100 cm\) of the Raman spectra (22) . These peaks correspond to lattice modes of librational nature and are noticeably affected by the transitions between the low symmetry phases of WO , which involve mainly collective rotations of the basic [WO ] octahedral units (7, 10) . The Raman spectra show different features in the -and -phases (4, 5, 22) : in particular the 34 cm\ peak is typical of monoclinic -phase, while the 43 cm\ peak characterizes the triclinic -phase. Figure 2 shows an interesting parallel evolution for the Raman spectra of -phase virgin powder, which transforms into the -phase by effect of mechanical compression (a) or fast thermal cooling (b). Figure 2a reports various spectra in the range 20-100 cm\ for samples, which underwent cumulatively increasing times of grinding up to 2 min. Such evolution for ground WO powders, reflecting the gradual transformation from -to -phase, is quite similar to that observed at RT for powder samples after different and cumulative cooling times (from a few minutes up to about 2 h) in liquid nitrogen (Fig. 2b) .The occurrence of thephase at RT after preliminary cooling in liquid nitrogen has been also observed in neutron diffraction study (9) . The final -phase appears to be well defined both for XRD ( Fig. 1 ) and Raman spectroscopy (Fig. 2) . A different phenomenology occurs when the mechanical treatments increase in both strength and duration. Maintaining always a fixed milling frequency of about 1 Hz, the effect of increasing grinding time has been analyzed: for treatments of the order of 1 h a change of color was observed from the pale yellow of the monoclinic (I) or triclinic powders toward a greenish color; a bluish coloration has been reached by increasing the time of milling up to many hours (22) .
The structural evolution and the average crystal size for increasing milling time can be observed through the XRD spectra. The analysis of XRD patterns for ground powders samples, based on the Scherrer method (23) , shows that upon milling a decrease of the crystallite size occurs by about four to five times for 1 h treatment, leading to the broadening of the diffraction lines.
After a first transformation into the -phase, observed for mild mechanical treatments, at some step of the structural evolution (after about 1 h milling) new Raman peaks appear at 143, 643, and 680 cm\ (Fig. 3) : they correspond to the ones of the low temperature monoclinic (II) -phase (5) . The occurrence of the -phase in these ground powders is also supported by XRD measurements, as shown in Fig. 4 , where a new diffraction peak appears for 2 "24°. To our knowledge, a Raman evidence of -phase at RT was previously reported for WO microcrystals of size below 100 nm (17, 18) . On the other hand, the characteristic peaks ofphase has not been detected in the low-temperature spectra collected on the virgin or moderately treated powders in the present work (see below). 
Low-Temperature Phases
A direct comparative study has been made between the virgin powder and the treated powder, which have been mounted in the cryostat and cooled, following the same experimental procedure. As can be seen in Fig. 5 , a great change of the spectral shape occurs in the explored temperature range, but this spectral evolution can be interpreted as the transformation between two phases only. At the lowest temperatures the modes of the monoclinic (I) -phase (stable at RT) survive as weak features or shoulders on stronger bands attributed to a new phase (N-phase). These characteristic modes of the N-phase are strongly dominant below 120 K. The most evident peaks are at 684 and 790 cm\, but other peaks are also observed in the low frequency range. Some modes having quite close frequencies were previously observed at low temperature in WO microcrystals (17, 18) , grown by an evaporation method. In Table 1 all the modes, observed in the present study are listed for -and -phase at RT and for new N-phase at 40 K.
The slow transformation from the N-phase to the -phase appears to be diffuse in a broad temperature range: this behavior can be qualitatively depicted as a phase equilibrium with a temperature dependent constant, so that the WO powders evolve from a composition with prevalent N-phase at about 40 K to the pure -phase at RT. Note that the modes typical for the N-phase are observable up to about 200 K. This transition is well reversible and reproducible: in fact, a quite similar behavior is observed in a second set of measurements on the same sample, stored for 2 days at RT, and cooled down again to 10 K, with the temperature going upward along all the measurements.
Another point to be remarked in the low temperature Raman spectra of the virgin powder (Fig. 5) is that there is no indication of the monoclinic (II) polar -phase, previously reported by Salje et al. in single crystals at ¹& 230 K (4, 5) and in polycrystalline sample at ¹(220 K (11). This absence, however, has been already reported in other studies on powder samples (4, 16) . Moreover, in the present measurements no evidence was also found for the expected transition to the triclinic -phase. It has been observed, on the contrary, at low temperatures in most previous works (4, 5, 10) . In our samples the -phase is obtained and remains stable at RT only after moderate milling or after fast cooling in liquid nitrogen.
It is interesting to compare these findings with the previous observation in microcrystals (17, 18) . In that case the competing phases were mostly the -and N-phases, and the ratio between them depended on the evaporation conditions. However, the Raman amplitude ratio for the respective peaks indicates that the maximum obtained percentage of the N-phase was comparable to that reported in the our study for the virgin powders.
The treated powder samples were studied in a manner similar to that used with the virgin ones: they were cooled in the liquid He flux cryostat down to minimum attainable temperature (&10 K), and the Raman spectra were recorded thereafter at increasing temperatures. For these measurements, the difference between the nominal Note. Wavenumber and relative amplitude (with respect to the highest frequency stretching mode of any phase, whose amplitude is fixed to 100). temperature given by the sensor and the effective one estimated via the Bose-Einstein factor calculation is larger, in particular at the lowest temperatures; this fact can be partially attributed to different thermal conductivity of the smaller grains.
A set of Raman spectra for treated powders, measured at temperatures up to 260 K, is shown in Fig. 6 . It is quite evident that no dramatic change of the spectral shapes occurs in the explored temperature range, besides the usual broadening of the peaks with temperature, in particular for the bands at 81, 241, and 610 cm\. Even at the lowest temperature (70 K) the main spectral pattern corresponds well to that of the triclinic -phase observed at RT.
In the treated powders no clear spectroscopic evidence of the -phase was found: only very weak features appear in the lowest temperature spectra at about 750 and 650 cm\, but their intensities are comparable to the noise level. On the other hand, the spectroscopic evidences for the N-phase are certainly detectable, but they are much weaker than in virgin powders: the presence of the N-phase appears as the asymmetry of the low frequency side of the 712 and 808 cm\ stretching modes, marked by arrows in the lowest temperature spectrum of Fig. 6b . These shoulders are consistent with the satellite bands at 687 and 787 cm\ , reported by Hayashi et al. (17, 18) at low temperatures on microcrystalline samples, and with the bands well observed in the virgin powder sample (Fig. 5 and Table 1 ). Their low relative intensity indicates that the fraction of the N-phase in the treated powder is much smaller than in the case of the virgin powder.
A quantitative estimation cannot be made in both cases, because different modes can have different temperature dependence of the Raman tensor components, and the frequency dependence of the Bose-Einstein factor must be also considered. In addition, the width of the bands and their small separation do not allow unambiguous assignment of the various modes via fitting procedure. However, direct observation of the spectra, reported in Figs. 5 and 6, reveals without any doubt the strong transformation upon cooling toward the N-phase for the virgin powders (from -to N-phase), and the much weaker transformation for the treated powders (from -to N-phase).
The surface-to-volume ratio (i.e., the microcrystal size) together with the temperature change have been invoked to explain the stability of the different crystal structures (17, 18) . The broad temperature range of the transition to the Nphase suggests a size dependence of the transition temperature. The present observations show a much higher fraction of N-phase for the samples of virgin powders, which have surely grains of larger size with respect to the treated powders, that is in agreement with the previously studied microcrystal size dependence of the transition (17, 18) . However, the findings of the transition to N-phase in the virgin commercial powders, having a much greater grain size than evaporated microcrystals, makes it possible to rule out the hypothesis that the N-phase could be a peculiar characteristic of microcrystalline samples. Moreover, other variables besides the crystal size, like the stress and carrier concentration (connected to substoichiometry), also play an important role in driving such transition and have to be carefully considered.
The anomalous low value of the stretching frequency in the N-phase Raman spectrum (790 cm\ against more than 800 cm\ for all the other phases) suggests a more relaxed structural configuration, which cannot be induced by simple lattice parameter contraction, usually obtained by temperature reduction or high-pressure application. In fact, a highpressure Raman investigation (24) shows that a pressure of about 0.15 GPa promotes the -to-transition, a stronger pressure of 0.2 GPa promotes the transition to the -phase, but no other phases are observed for pressures up to 1.4 GPa. A more recent high-pressure diffraction study (25) , extended up to about 5 GPa, confirms that only the -phase exists in the measured pressure range. Thus the N-phase and the -phase represent opposite evolutions of the crystal structure, and we could expect that conditions promoting the transition to the N-phase inhibits the transition to the -phase and vice versa.
By assuming that pressure effects are comparably reproduced by the amount of cumulative stress, we can also explain the -to-phase transition, easily obtained via application of a low amount of stress, which can be produced by mild milling treatment or also by a fast cooling process. Furthermore, the application of larger amount of stress can justify the observation of a small fraction of powders going into the -phase at room temperature after 1 h milling treatment. The occurrence at room temperature of the -phase has been observed also in the evaporated microcrystal of smaller size (17, 18) , and even for that finding a similar explanation based on the crystal stress can be proposed.
We can also speculate about known relationship between carrier density and structural transitions of WO crystals. For example, the n-type WO crystals show carrier concentration dependence of the -phase stability. As shown by Salje et al. (11) , the free carriers are localized at low temperature in (bi-)polaronic states associated with a local lattice deformation.
For simple symmetric structures, the presence of polarons introduces a strain associated with the anions displacements of expansive type. Among the WO compounds, tungsten bronzes constitute a good example of symmetric structure, and, in fact, some insight on the amount and the character of the strain due to polarons is given by XAFS studies of intercalated H V WO oxides: they have shown a local expansion of &0.1 A > for the oxygens around tungsten ions in [W>O ] octahedra (26) . However, the complex interplay of various lattice potential terms can lead to a different type of deformation. Theoretical calculations of the polaron stability (27) , based on the study of the competing elastic and electron-phonon terms of the potential, have been carried out for the low symmetry phase of tungsten trioxide. The calculated polaronic displacements (27) in the monoclinic (I) lattice (the -phase) were found to be compressive for all the atoms around the polaronic W> center. This is due to the negative sign of the electron-phonon interaction term, induced by the low symmetry of the anions arrangement around the W> ions. The prediction of this anomalous behavior has been made both for single polarons as well as for bipolarons (27) and seems to be consistent with our hypothesis of low temperature structural evolution presented below.
In fact, the simple empirical evidence of high-pressure studies (24, 25) suggests that the -phase is stabilized at high pressures. Therefore it seems reasonable to postulate that a transition to a compressed phase can be obtained either by using high external pressures (simulated in some way by the grinding treatments) or by cumulating the internal compressive strain due to polarons.
We suggest that the -phase is favored by the total strain generated by (bi)polarons when they reach a sufficient concentration, equivalent to the application of high pressure. Thus the evolution of WO toward either -phase or Nphase can be determined also by the carrier concentration, associated with oxygen deficiency. In fact, slightly defective WO \V samples show the transition to the -phase (8, 13) , while the N-phase seems to be characteristic of crystals having minimum amount of stress and very low carrier concentration. This hypothesis must be confined to the range of small and very small charge carrier concentration, because it is known that in highly reduced samples a metallic like conductivity occurs and the stability of low temperature -phase is destroyed (28) . Finally, the observed crystal size dependence of phase transitions in our powders having different grain sizes can be correlated with the presence of the localized and nonlocalized charge carriers which originate at the reduced free surface of WO crystals (29) .
CONCLUSIONS
The present investigations of the tungsten trioxide commercial powders below room temperature, down to about 40 K, show different phase transition sequences with respect to the previous studies (4, 5, 11) and, in particular, the occurrence of a diffuse transition into the new N-phase. The low temperature crystal structures of the powder samples are strongly influenced by the different mechanical history of the samples, and the kinetics of the transitions appear to be relevant. Such behavior reveals the occurrence of processes difficult for a description within the thermodynamic equilibrium framework. The diffuse transition to the N-phase, in the wide temperature range 40-200 K, appears as the most relevant phenomenon in the low-temperature transformation of WO virgin powder samples analyzed in the present work. The Raman spectroscopic evidences of the low temperature evolution studied here for different powder samples can be summarized as follows:
(i) Virgin powders of large grain size with no accumulated stress and having -phase at RT transform increasingly into the N-phase upon cooling. The transition to the triclinic -phase, reported for other samples (1, 7, 9, 11) is not observed.
(ii) Only a small fraction of the treated powders, having small grain size and mechanically stressed before the cooling process, transforms at comparable temperatures into the N-phase. In this case, the starting triclinic -phase, obtained by moderate milling at room temperature, remains dominant even at the lowest temperatures.
(iii) No clear spectroscopic evidence of the transition to the -phase, reported by Salje et al. for single crystals at ¹&230 K (4, 5) and polycrystalline samples at ¹(220 K (11), is observed in both virgin and treated powders upon cooling.
(iv) In contrast, a transition to the -phase is observed for a small fraction of the powder samples at room temperature after 1 h milling. For longer milling times the broadening of the peaks does not allow to discriminate the crystal phases present in the powder samples.
It is noticeable, for the powder samples used in the present work, that the low-temperature phases, such as the -phase and the -phase, are not obtained by cooling in equilibrium conditions, as usually reported in most of the existing literature (1, 7, 9, 11) , but rather by more or less prolonged mechanical stress at room temperature. However, this fact seems to be consistent with high-pressure measurements, showing the -to-phase transition for relatively low applied pressures and the transition to the -phase for higher pressures (24, 25) . In fact, the -phase has been also observed in the virgin powders after fast cooling by immersion in liquid nitrogen. On the contrary, a slower cooling rate, given by the helium flux cryostat, leaves the virgin powders into the -phase, until a new N-phase, never found previously in macroscopic crystals (4, 5, 11) , appears below 200 K and becomes dominant at the lowest temperatures. It is worth remarking on the dependence of the transition on the cooling kinetics.
Obviously the Raman spectral evolution alone cannot provide a satisfactory description of the polymorphysm of WO , in particular about the space group of the N-phase, and a clear crystallographic definition can be given only by low-temperature XRD measurements. Nevertheless, the observed Raman spectrum of the N-phase, with its unique lowering of the highest frequency stretching modes, is a good marker of this phase, allowing its fast recognition in different samples.
The understanding of the new N-phase and the transitions between the different observed structures should take into account the interplay of stress, crystal size (surface effects) and carrier concentration. In our opinion, further studies, focused on the interaction of charge carriers responsible for the electronic properties of the material (11, 13) with the low-temperature structural phase transitions, are necessary.
